Introduction
[2] It has long been known that eddies are an essential element in understanding the general circulation of both the atmosphere [e.g., Philips, 1956] and the ocean [e.g., Gill et al., 1974; Holland and Lin, 1975] . Of particular interest here are the northwest corner region, east of Newfoundland [Lazier, 1994] , where the North Atlantic Current turns abruptly eastward toward Europe, and the recirculation gyres associated with the Gulf Stream [e.g., Worthington, 1976; Schmitz, 1980; Hogg, 1983; Richardson, 1985; Hogg et al., 1986] where forcing by eddies is believed to be important [Holland and Rhines, 1980; Hogg and Stommel, 1985; Marshall and Nurser, 1986; Greatbatch, 1987] . The northern recirculation of the Gulf Stream is also a feature of diagnostic model studies [e.g., Mellor et al., 1982] where it owes its existence to forcing by the bottom pressure torque [Greatbatch et al., 1991] . Recently, Zhai et al. [2004] described what they call the ''semidiagnostic method'' (hereafter SDM) and used the method to show that in a model of the northwest Atlantic, the eddies enhance the transport of the northern recirculation by a factor of 2, even though the existence of the recirculation gyre itself is apparent in a diagnostic model calculation. In the work of Zhai et al. [2004] , the large scale circulation is constrained by climatological, hydrographic data, whereas the eddies are free to evolve and influence the mean state of the model (we call this version 1 of the SDM). Zhai et al. [2004] also mentioned an alternative version of their method in which the eddies are strongly constrained by the input data, but the large scale is free to evolved in an unconstrained manner (we call this version 2 of the SDM). The latter case is similar to the situation in models that assimilate the eddy field, e.g., from altimeter data, examples being the studies of Mellor and Ezer [1991] , Ezer and Mellor [1997] , Oschlies and Willebrand [1996] , and Cooper and Haines [1996] . This is because measurement of the large-scale sea surface height (SSH) using satellite altimetry has, until recently, been limited by our knowledge of the geoid, and most assimilation studies have been restricted to assimilating the SSH variability associated with the eddies, and not the large-scale mean state. Killworth et al. [2001] note that assimilation of the eddy variability alone is generally not enough to lead to significant improvement in the mean state of a model; large-scale information is usually also required. Here, we use version 2 of the SDM to illustrate the effect of assimilating the eddy field in a model of the northwest Atlantic similar to that used by Zhai et al. [2004] . We are interested in knowing to what extent assimilation of the eddies alone improves the large-scale circulation in the model compared to the prognostic model with no assimilation, and what inferences can be drawn about the dynamics of circulation features in the model from our results.
Ocean Model and Methods

Model Setup
[3] The model is the same as the northwest Atlantic Ocean model described by Sheng et al. [2001] , except for the use of higher horizontal resolution. The model domain spans the area between 30°W and 76°W and 35°N and 66°N, and here we use a horizontal resolution of 1/5°in longitude. There are 31 unevenly spaced z levels, as in the work of Sheng et al. [2001] . The model is initialized with January mean temperature and salinity fields and forced by monthly mean surface heat flux from da Silva et al. [1994] and 12-hourly NCEP wind stress starting at the beginning of January 1990. The model sea surface salinity is restored to the monthly mean climatology on a time scale of 15 days. Along the model's open boundaries, temperature and salinity are restored to climatology and the transport is specified as described by Sheng et al. [2001] .
Semidiagnostic Method (Version 2)
[4] Following Zhai et al. [2004] , our starting point is the hydrostatic equation seen by a prognostic model, i.e.,
where p is the pressure variable carried by the model and g is the acceleration due to gravity. Here, r m = r(T, the density calculated from the model potential temperature T and salinity S, and p ref is the reference pressure at the center of each z level. r c is the specified input density that is to be ''assimilated'' into the model and will be associated with the mesoscale eddy field. By spatially filtering the second term, we get
The filter, denoted by an overbar, passes horizontal scales larger than a specified cut-off scale (here 300 km, as in the work by Zhai et al. [2004] ), but effectively eliminates horizontal scales smaller than the cut-off. Since
the large-scale flow field of the model is free to evolve.
On the other hand, on spatial scales smaller than the cut-off, (2) takes the form @p @z = Àgr c , indicating that the mesoscale in the model is strongly constrained by the input hydrography, r c . It should be noted that when data derived from satellites, e.g., altimeter data, is assimilated into a model, it is necessary to associate a subsurface density field, corresponding to r c , with the surface features. Different assimilation schemes use different methods for choosing r c , e.g., correlation analysis [Mellor and Ezer, 1991; Ezer and Mellor, 1997] or by vertically rearranging the water masses in a model [Cooper and Haines, 1996] . Here we take r c from a SDM (version 1) model run using the climatology from Geshelin et al. [1999] to constrain the large-scale circulation, as described by Zhai et al. [2004] . We then use version 2 of the SDM to assimilate the mesoscale from the version 1 model run into the prognostic version (without assimilation) of the same model set-up. It should be noted that the assimilation takes place only through equation (2), and that all other model equations remain as in the prognostic model.
Model Results
[5] Figure 1 shows the annual mean transport streamfunction for Year 5 of the model integrations from the 3 different model versions. Figure 1c is from the prognostic model run, without assimilation. As in the work of Sheng et al. [2001] , it is clear that the prognostic model lacks the northern recirculation gyre south of Atlantic Canada, the Gulf Stream being too far to the north. Additionally, the circulation in the northwest corner, near 50°N 320°E, is weak. By contrast, when the large scale circulation is strongly constrained, as in the SDM Version 1 case (Figure 1a) , both the northern recirculation and the northwest corner are well-developed [Zhai et al., 2004] . To produce Figure 1b , the eddies from the SDM Version 1 case ( Figure 1a ) are being assimilated into the prognostic model using Version 2 of the SDM (see Section 2). In Figure 1b , the model still lacks a northern recirculation gyre but, on the other hand, has a well-developed northwest corner with even stronger circulation than in Figure 1a , and in complete contrast to the weak representation of the northwest corner in Figure 1c . In Figure 1d , the streamfunction in Figure 1b is subtracted from that in Figure 1c , revealing the influence of the assimilated eddy field in Figure 1b . It is clear that eddies do, indeed, drive a northern recirculation gyre of up to 30 Sv in strength, but clearly, it is not of sufficient strength to show up as a closed gyre in Figure 1b . It is also striking how the region of enhanced transport associated with the northwest corner in Figure 1b (see also Figure 1d ) is bounded roughly by the f/H contour highlighted in Figure 2 . This particular f/H contour, corresponding to a depth of around 3700 m at 50°N, connects to the southern boundary of our model domain, and not the eastern boundary, as do the contours with larger values of f/H, the topographic feature that marks this division being the Charlie Gibbs Fracture zone. It is also of interest that the cyclonic circulation associated with the eddy-driven northern recirculation lies to the south of this f/H contour, reminiscent of the theoretical study of Hogg and Stommel [1985] . Indeed, these results suggest that the dynamics of the northwest corner, and also the eddy-driven part of the northern recirculation shown in Figure 1d , is similar in our model to that described by Hogg and Stommel [1985] for the northern recirculation gyre; namely an eddy-driven circulation within potential vorticity contours that are closed on the west, north and east by topography, but on the south by the sloping stratification of the subtropical gyre. In the case of the northwest corner, it is the presence of the mid-Atlantic Ridge, and the blocking to the east of the f/H contours (see Figure 2 ) that makes this possible.
[6] Figure 3 compares the corresponding temperature fields in the different model versions at 45 m depth. It should be noted that temperature is not directly assimilated into the model; in fact, the adjustment of the model due to the assimilation takes place entirely in the momentum equations [Sheng et al., 2001; Greatbatch et al., 2004] , leaving the tracer equations unchanged. We again see the strongly developed northwest corner in the SDM Version 2 case (Figure 3b) , with even warmer water being found in the northwest corner in this case than in the climatology (Figure 3d) . Nevertheless, the assimilation used to produce Figure 3b has not been successful in improving the temperature field in the Gulf Stream/northern recirculation region, south of Atlantic Canada (compare Figure 3b with Figure 3c ). It seems that in this particular model, assimilation of the large-scale hydrography (used to produce Figure 3a ) is required to bring the model temperature field south of Atlantic Canada into line with climatology [Zhai et al., 2004] .
Summary and Discussion
[7] In this paper, we have used the counterpart of the semidiagnostic method (SDM) introduced by Zhai et al. [2004] , to examine the impact of assimilating eddies on the large-scale circulation in a model of the northwest Atlantic Ocean. A novel feature of our study is that while the eddy field is strongly constrained by the assimilation procedure, there is no direct constraint on the large-scale circulation in the model. The results support the finding of Zhai et al. [2004] that the existence of the Gulf Stream northern recirculation gyre [Hogg et al., 1986] is owed in the model primarily to bottom pressure torque forcing associated with the large scale hydrography, but that the eddies do contribute to the transport associated with this gyre. In particular, the assimilated eddies in our model do drive a northern recirculation gyre, but not of sufficient strength to appear as a closed gyre in the mean field shown in Figure 1b . On the other hand, the northwest corner, east of Newfoundland, is dramatically enhanced in the model run with assimilated eddies compared to the prognostic model run. We argue that this is because f/H contours are blocked to the east by the mid-Atlantic ridge, and that the northward extent of the northwest corner is set by the gap in the mid-Atlantic Ridge due to the Charlie-Gibbs Fracture zone in the model. 
